INTRODUCTION {#SEC1}
============

Most bacterial chromosomes carry a single origin of replication, *oriC*, where replication starts. The *oriC* region is characterized by the presence of an AT-rich region and multiple binding sites for the DnaA initiator protein ([@B1]). DnaA belong to the AAA+ (ATPases Associated with diverse Activities) proteins, and the *Escherichia coli* DnaA protein binds ATP and ADP with similar affinities. However, only the ATP bound form is active in initiation ([@B2]). The current model for replication initiation is derived from work on *E. coli* and proposes that one or more right-handed DnaA^ATP^ helices are formed on multiple DnaA binding sites of the origin, which leads to duplex opening in the AT-rich region, i.e. open complex formation ([@B1],[@B2]). Thereafter, DnaA loads the helicase DnaB onto the single-stranded DNA of the open complex, which promotes further duplex opening and assembly of the replisome.

Replication initiation is a highly regulated step in *E. coli* that commences virtually simultaneously at all cellular origins and only once per cell cycle ([@B3]). This tight control is mainly ensured by a fluctuation in the DnaA^ATP^/DnaA^ADP^ ratio over the cell cycle ([@B4]) along with a temporal inactivation of newly replicated origins by the Dam/SeqA system ([@B5],[@B6]).

Initiation takes place when the cellular DnaA^ATP^/DnaA^ADP^ ratio is high ([@B4]). Following initiation, two processes converts DnaA^ATP^ to DnaA^ADP^. First, RIDA ([R]{.ul}egulatory [I]{.ul}nactivation of [D]{.ul}na[A]{.ul}) is executed by the Hda protein in association with DNA-loaded DnaN (the β-clamp) which activates the intrinsic ATPase activity of DnaA thereby turning DnaA^ATP^ into DnaA^ADP^ and lowering the DnaA^ATP^/DnaA^ADP^ ratio ([@B7],[@B8]). Second, DDAH (datA-dependent DnaA^ATP^ hydrolysis) is a process where Integration Host Factor (IHF)-dependent DnaA^ATP^ hydrolysis takes place at the *datA* locus ([@B9]).

Overall, RIDA seems more important than DDAH in lowering the DnaA^ATP^/DnaA^ADP^ ratio to prevent reinitiation; RIDA deficient cells (i.e. *hda* mutants) overinitiate replication, are severely compromised for growth ([@B8]) and acquire second site suppressor mutations rapidly ([@B10],[@B11]), whereas this is not the case for DDAH compromised (*datA* deleted) cells ([@B12]). It is likely that lethality resulting from loss of Hda is similar to what was observed for overinitiation in the *dnaAcos* mutant where hyperinitiation leads to fork collapse and DNA strand breaks ([@B13]), i.e. replication stress. Before a new round of initiation can take place, the DnaA^ATP^ level must increase past a critical level. This is accomplished by *de novo* synthesis of DnaA which by and large will be ATP bound because ATP is much more abundant than ADP within the cell, and by rejuvenation of DnaA^ADP^ into DnaA^ATP^ at DARS loci ([@B14]) and possibly at the interface of the cellular membrane and cytosol ([@B15]).

When growing aerobically, *E. coli* cells use oxygen as the terminal electron acceptor. This allows for a more efficient energy production in comparison to anaerobic respiration and fermentation. However, reactive oxygen species (ROS) are derived from the metabolism of molecular oxygen and the major sources of endogenous ROS are hydrogen peroxide (H~2~O~2~) and superoxide anion (O~2~^−^), which are formed when flavoenzymes accidentally pass electrons to oxygen ([@B16]). ROS can react with DNA to generate a number of base modifications ([@B17]). Relative to other nucleobases, oxidation of guanine to 8-oxo-7,8 dihydroguanine (8-oxoG (GO)) appears most readily because of its low redox potential ([@B18]). When incorporated into DNA, 8-oxoG can base pair with adenine leading to G to T transversions. In *E. coli* three enzymes named MutT, MutM and MutY protect the cell from the mutagenic action of 8-oxoG ([@B19]). MutT is a nucleotide sanitizer which hydrolyzes 8-oxo-dGTP to 8-oxodeoxyguanosine monophosphate (dGMP) to prevent incorporation into DNA ([@B19]). When present in the DNA, 8-oxoG is primarily excised by the formamidopyrimidine DNA glycosylase (Fpg) which is the product of the *mutM* gene of the GO system ([@B18]), and Fpg is the primary enzyme that removes not only oxidized purines but also pyrimidines *in vivo* ([@B20]), thereby reducing the accumulation of mutations. MutY is a glycosylase that removes adenines incorporated opposite 8-oxoG, i.e. the product of replication past 8-oxoG ([@B19]). This allows for insertion of a C opposite the lesion which is subsequently subject to Fpg-dependent repair. Repair of 8-oxoG lesions may result in double-strand DNA breaks if these are closely spaced, or if they are encountered by a replication fork while being repaired.

In this work, we demonstrate that otherwise lethal overinitiation is tolerated under anaerobic conditions and we report that cells deficient in Hda can be maintained that way without selection for suppressor mutations. We also show that aerobic survival of Hda-deficient cells can be promoted by neutralizing ROS or by deletion of *mutM* of the GO system. These data suggest that overinitiating cells lose their fitness when grown aerobically because of an increasing number of replication forks encountering a single-stranded repair intermediary generated during the removal of oxidized bases form the DNA. Such encounters will lead to double-strand breaks (DSB) which, when frequent, can result in cell death.

MATERIALS AND METHODS {#SEC2}
=====================

Growth conditions {#SEC2-1}
-----------------

Cells were grown in Luria--Bertani (LB) medium (or AB minimal medium ([@B21])) supplemented with 0.2% glucose or 0.4% glycerol, 0.5% casamino acids and 10 μg/ml thiamine. When indicated for anaerobic growth purposes, LB medium was supplemented with 0.2% glucose and buffered with A-salts. AB minimal medium used for anaerobic growth was supplemented with 1% glucose and 1% casamino acids. Unless specified, all cells were cultured at 37°C. When necessary, antibiotic selection was maintained at the following concentrations: kanamycin 50 μg/ml; chloramphenicol, 20 μg/ml; ampicillin, 150 μg/ml; tetracycline, 10 μg/ml. Anaerobic growth condition was maintained using anaerobic atmosphere generation bags (Sigma-Aldrich 68061) in an anaerobic jar for growth on plates. For liquid cultures, the growth medium was de-gazed under vacuum prior to cell inoculation, and placed with anaerobic atmosphere generating bags in a container. The container was placed on an orbital shaker at 37°C. Cells were inoculated and serially diluted in order to obtain cultures at OD~450~ ∼0.1 about 24 h after inoculation in anaerobic conditions. When indicated, glutathione (Sigma-Aldrich G4251) was supplemented at a final concentration of 10 mM.

Bacterial strains and plasmids {#SEC2-2}
------------------------------

All strains used for analysis are derivatives of MG1655. Strains are listed in Supplementary Table S1. Construction of strains and plasmids is described in Supplementary Material.

Whole-genome sequencing {#SEC2-3}
-----------------------

Whole-genome sequencing was performed at the SNP&SEQ Technology Platform of Uppsala University on a HiSeq2000 (Illumina) platform. A total of 8.7 million paired-end reads were generated, with an average read length of 100 nucleotides.

Flow cytometry {#SEC2-4}
--------------

Flow cytometry was performed as described previously ([@B22]) using an Apogee A40 instrument. For each sample, 40 000--200 000 cells were analysed. Numbers of origins per cell and relative cell mass were determined as described previously ([@B22]).

Determination of ROS using hydroxyphenyl fluorescein (HPF) was by adding 5 μM HPF to the cell culture 1 h before analysis by flow cytometry using an Apogee A40 instrument with excitation wavelength set at 488 nm and fluorescence collected between 515 and 545 nm. Samples were analysed either with or without washing once in growth medium. Determination using dihydrorhodamine was done according to ([@B23]).

Pulsed field gel electrophoresis {#SEC2-5}
--------------------------------

Sample preparation was performed essentially as described in ([@B24]). Cells were pelleted washed twice in SE buffer (75 mM NaCl, 25 mM ethylenediaminetetraacetic acid (EDTA), pH 7.4) and resuspended in CSB buffer (100 mM Tris, 100 mM EDTA, pH 7.5). Plugs were prepared by mixing an equal volume cells and low-melting agarose 2% (BioRad 161--3100). Plugs were first incubated for 2 h at 37°C in a buffer containing lysozyme and RNAse (lysozyme 0.1 mg/ml, RNAse 30 μg/ml, Sarcosyl 1%, EDTA 100 mM pH 9.0). The plugs were then incubated in a proteinase K buffer (proteinase K 1 mg/ml, Sarcosyl 1%, EDTA 500 mM pH 9.0) overnight at 56°C. The plugs were finally washed three times in CSB buffer and stored at 4°C prior to loading. 1% agarose gels were run for 24 h at 6 V/cm in 0.5 × TBE at 14°C: initial switching time 60 s and final switching time 120 s. The gels were stained using SybrGold for 1 h prior to imaging. Plugs containing the chromosomes of the yeast *Saccharomyces cerevisiae* were used as molecular weight standards (Bio-Rad 170-3605).

Microscopy {#SEC2-6}
----------

All samples for microscopy were kept on ice for 4--8 h with frequent whirly mixing prior to visualization. This was done in order to 'oxygenate' the samples allowing for folding of the Green Fluorescent Protein (GFP) and mCherry chromophores in anaerobic grown cells. Cells were then deposited on a 1% AB medium agarose pad. Microscope analyses were done using an AxioImager Z1 microscope (Carl Zeiss MicroImaging, Inc). The microscope pictures were processed and analysed with Volocity (PerkinElmer), ImageJ and Adobe Illustrator software.

Quantitative polymerase chain reaction (qPCR) {#SEC2-7}
---------------------------------------------

Samples were prepared by spinning down 1 ml of culture for 5 min at 15 000 × *g*. Cells were re-suspended in 100 ul 10 mM tris pH 7,4 and kept at −20°C and diluted 50 times in DNA/RNA free water prior to analysis. The qPCR was performed as previously reported ([@B10]) using Takara SYBR Premix Ex Taq II (RR820A) in a BioRAD CFX96 (95°C 30 s, 39 × (95°C 5 s + 60°C 30 s), 95°C 15 s, 60°C 60 s). All *ori*/*ter* ratios were normalized to the *ori*/*ter* ratio of MG1655 in late phase corresponding to an *ori*/*ter* of one. Primers are listed in Supplementary Material.

RESULTS {#SEC3}
=======

Hda-deficient cells are viable in the absence of oxygen {#SEC3-1}
-------------------------------------------------------

Cells deficient in Hda were previously shown to be either inviable or severely compromised for growth ([@B8],[@B10]). Therefore, introduction of an *hda* deletion into wild-type (wt) cells results in a delayed appearance of small, heterogeneous colonies ([@B10]) (Figure [1A](#F1){ref-type="fig"}). However, with time the accumulation of suppressor mutations (termed *hsm*; *[h]{.ul}da* [s]{.ul}uppressor [m]{.ul}utation) arise resulting in colonies which remain homogeneous upon re-streaking and which are often large. Several *hsm* mutations have been identified, including *hsm-2* which is a mutation in *dnaA* resulting in replacement of phenylalanine with valine at position 349 of the DnaA protein ([@B11]). As expected the introduction of an *hda* deletion into *hsm-2* cells immediately resulted in big colonies of homogeneous size ([@B10]) (Figure [1A](#F1){ref-type="fig"}).

![Lethal overinitiation is suppressed by the absence of oxygen. (**A**) The *hda*::*cat* allele was introduced into wt and *hsm*-2 cells by bacteriophage P1 transduction. Plates were incubated for 16 h at 37°C on LB plates supplemented with 0.2% glucose and chloramphenicol aerobically and anaerobically. (**B**) *dnaAcos* mutant cells were streaked on LB plates supplemented with 0.2% glucose followed by incubation aerobically at either 42°C (permissive temperature) or 30°C (non-permissive temperature) and anaerobically at 30°C. (**C**) Wild-type *hsm-2* cells were transformed anaerobically with plasmid pBR322-DARS2. Cells from the resultant colonies were subsequently re-streaked aerobically and anaerobically on LB plates supplemented with 0.2% glucose and incubated at 37°C for 16 h.](gku1149fig1){#F1}

When an *hda* deletion was introduced into wild-type and *hsm-2* cells by bacteriophage P1, and transductants incubated under anaerobic conditions the resultant colonies were homogeneous and similar in size for both recipients suggesting that the loss of Hda is not lethal under these conditions (Figure [1A](#F1){ref-type="fig"}). We determined the genome sequence for one Δ*hda* transductant in otherwise wild-type cells, and found no mutations or genomic rearrangement except for the introduced Δ*hda::cat* mutation. We can therefore conclude that *hda* mutant cells are viable and not severely growth compromised in absence of oxygen.

Hyperinitiation caused by the dnaAcos mutation or extra DARS2 copies is also tolerated in the absence of oxygen {#SEC3-2}
---------------------------------------------------------------------------------------------------------------

It was reported that the Hda protein may have functions other than in RIDA, which results in cold sensitivity ([@B25]). It is therefore possible that the inviability of *hda* mutant cells during aerobic growth is related to processes different from DNA replication. We therefore determined the viability of other mutations/conditions resulting in a dramatic and lethal overinitiation of replication in the absence of oxygen. The *dnaAcos* mutant results in cold sensitivity due to hyperactivity of the DnaA protein at non-permissive temperature. As expected, the *dnaAcos* mutant grows at 42°C but not at 30°C under aerobic conditions (Figure [1B](#F1){ref-type="fig"}). In contrast, the *dnaAcos* mutant was viable when incubated anaerobically at 30°C; the otherwise non-permissive temperature (Figure [1B](#F1){ref-type="fig"}).

The DARS2 sequence is instrumental in regeneration of DnaA^ATP^ from DnaA^ADP^. When present on a multicopy plasmid, DARS2 results in an elevated DnaA^ATP^ level, overinitiation from *oriC* and inviability ([@B14]). We cloned the DARS2 sequence in the high copy number plasmid pBR322, using a host strain that initiate replication independent of *dnaA* and *oriC* (i.e. carrying the *dnaA::cat*, *rnhA-373* mutations). When the resultant plasmid, pBR322-DARS2, was transformed into wild-type cells, colonies obtained under aerobic conditions were mostly small and heterogeneous, whereas those obtained without oxygen were uniform. Transformation of pBR322-DARS2 into *hsm-2* cells resulted in homogeneous colonies both in the presence and absence of oxygen (not shown). When re-streaked, wild-type cells containing pBR322-DARS2 formed colonies under anaerobic but not aerobic conditions, whereas *hsm-2* cells containing the same plasmid formed colonies in the presence and absence of oxygen (Figure [1C](#F1){ref-type="fig"}). Altogether, these data suggest that inviability resulting from replication overinitiation can be alleviated in the absence of oxygen. The data also suggest that the DnaAF349V protein, resulting from the *hsm-2* mutation affect the ability of DnaA to bind and/or hydrolyse ATP, in a manner similar to the nearby *dnaAA345S* mutation which also suppresses the loss of Hda ([@B26]).

Chromosome replication during anaerobic growth {#SEC3-3}
----------------------------------------------

Wild-type cells were grown exponentially in minimal medium supplemented with glucose and casamino acids under aerobic and anaerobic conditions. The doubling times of the cultures were 33 and 49 min, respectively (Table [1](#tbl1){ref-type="table"}). Replication initiation took place in synchrony in aerobic as well as anaerobic cells (Figure [2B](#F2){ref-type="fig"}). However, cells grown in the absence of oxygen were slightly smaller than aerobically grown cells and contained fewer origins (Table [1](#tbl1){ref-type="table"}; Figure [2B](#F2){ref-type="fig"}) as would be expected due to their slow growth. The origin concentration (*ori*/mass) was the same for aerobic and anaerobic grown cells, indicating that the accumulation of active DnaA protein which ensures replication initiation at a specific cell mass per chromosomal origin is mostly unaffected by the absence of oxygen. Because the DnaA concentration was found to be the same during anaerobic and aerobic growth (Supplementary Figure S1), it seems likely that there is no gross difference in the activity of the protein, i.e. the DnaA^ATP^/DnaA^ADP^ ratio is similar for the two growth conditions.

![Overinitiation of *hda* mutant cells at anaerobic and aerobic growth. (**A**) Growth of wild-type and *hda* mutant cells under anaerobic conditions and shifted to aerobic growth. Cultures were followed by measuring OD~450~. (**B**) Wild-type cells were grown aerobically or anaerobically at 37°C, and treated with rifampicin and cephalexin prior to flow cytometric analysis. Insert displays the overlaid plots one above the other. (**C**) *hda* mutant cells were under anaerobic conditions prior to shifting to an aerobic environment. Samples taken at times indicated were treated with rifampicin and cephalexin prior to flow cytometric analysis. Inserts displays the overlaid plots one above the other.](gku1149fig2){#F2}

  Strain             Growth condition^a^                 Origins/cell^b^   Cell mass^c^   Origins/mass^d^   Doubling time (min)
  ------------------ ----------------------------------- ----------------- -------------- ----------------- ---------------------
  wt                 aerobic                             4.7               1              1                 33
  wt                 anaerobic                           4.0               0.9            1                 49
  wt                 1 h after shift to aerobic growth   4.7               1              1                 33
  wt                 2 h after shift to aerobic growth   4.7               1              1                 33
  *Δhda*             anaerobic                           5.9               1              1.3               52
  *Δhda*             1 h after shift to aerobic growth   8.8               1              2                 NR
  *Δhda*             2 h after shift to aerobic growth   9.6               1.2            1.8               NR
  *Δhda*             4 h after shift to aerobic growth   9.5               1.3            1.6               NR
  wt/ pBR322-DARS2   anaerobic                           7.4               0.9            1.7               52
  wt/pBR322-DARS2    3 h after shift to aerobic growth   11.8              1.3            2                 NR

^a^Growth was in minimal medium supplemented with glucose and casamino acids.

^b^Determined as average fluorescence from flow cytometric analysis.

^c^Determined as average light scatter from flow cytometric analysis.

^d^Average fluorescence/average light scatter. Numbers are normalized to 1 for wt grown aerobic.

NR, not relevant.

Anaerobically grown Δ*hda* cells had a doubling time close to that of wild-type cells (52 min versus 49 min; Table [1](#tbl1){ref-type="table"}), yet cells were very different. Initiations no longer occurred in synchrony and Δ*hda* cells contained all integral numbers of replication origins (up to \>10; Figure [2C](#F2){ref-type="fig"}), i.e. initiations from each replication origin was not limited to once only each generation. The average number of origins per cell as measured by flow cytometry was 5.9 compared to 4.0 for wild-type cells (Table [1](#tbl1){ref-type="table"}). However, due to incomplete replication run-out in the presence of rifampicin and cephalexin this is probably an underestimate. A similar result was obtained following 8 h (∼12 mass doublings) of Hda depletion during aerobic growth (Supplementary Figure S2). The size of *hda* mutant cells was increased, consistent with previous observations ([@B27]), and the origin concentration (*ori*/mass) was increased by about 30% relative to wild-type cells (Table [1](#tbl1){ref-type="table"}). The same observations were made for Δ*hda* cells grown in LB medium supplemented with glucose which allows for faster growth anaerobically (Supplementary Table S2). Therefore, Hda mutant cells are viable despite of overinitiation during anaerobic growth and suppression of the Hda phenotype does not result from a reduced growth rate.

The ori/ter ratio increases in Hda-deficient cells in the presence of oxygen {#SEC3-4}
----------------------------------------------------------------------------

A large body of evidence suggests that loss of Hda is associated with severe growth inhibition during aerobic conditions ([@B8],[@B10],[@B11]), whereas our data suggests that this is not the case in the absence of oxygen. We consequently decided to follow cells during a shift from anaerobic to aerobic growth conditions. Wild-type cells immediately grew faster, i.e. the doubling time decreased from 49 to about 33 min (Figure [2A](#F2){ref-type="fig"}). Replication initiation remained synchronous, and the cellular origin content increased from an average of 4.0 in the absence of oxygen to 4.7, whereas there was no significant change in the origins/mass ratio because cell size also increased (Figure [2B](#F2){ref-type="fig"}; Table [1](#tbl1){ref-type="table"}). The *ori*/*ter* ratio, determined by qPCR analysis, increased slightly but still remained around two throughout the experiment (Figure [3A](#F3){ref-type="fig"}).

![Abortive chromosome replication in aerobically grown *hda* cells. The *ori*/*ter* ratio of wild-type (blue) or *hda* (red) cells was determined by qPCR from anaerobically grown cells (*T* = 0) or cells at indicated times after a shift to aerobic conditions (A).\
The *ori*/F ratio (red) or *ter*/F ratio (blue) was determined by qPCR from anaerobically grown cells or following a shift to aerobic conditions in *hda* (B) or wild-type cells (C).](gku1149fig3){#F3}

Hda-deficient cells behaved quite different when shifted to aerobic growth. The doubling time gradually increased (Figure [2A](#F2){ref-type="fig"}), confirming that Hda is essential under these conditions. The average number of origins, determined by flow cytometry, increased from 5.9 to ∼9 after 1 h (Figure [2C](#F2){ref-type="fig"}; Table [1](#tbl1){ref-type="table"}), and remained close to that level (Table [1](#tbl1){ref-type="table"}). Again the absolute number or origins/cell was difficult to assess due to incomplete replication run-out. Cell size increased to a lesser extent, resulting in a 23% increase in origin concentration 4 h following the shift. The *ori*/*ter* ratio was ∼3 during anaerobic growth and this increased rapidly to \>20 two hours after the shift and remained at that level (Figure [3A](#F3){ref-type="fig"}). We also followed wild-type cells transformed with plasmid pBR322-DARS2 during a shift from anaerobic to aerobic growth conditions (Supplementary Figure S3). Overall, the phenotype of wild-type cells containing plasmid pBR322-DARS2 resembled that of Hda-deficient cells but was more severe, i.e. the *ori*/*ter* increased to a higher level (∼35) when shifted to aerobic growth. This probably reflects the fact that in cells containing a multicopy DARS2 plasmid, DnaA^ADP^ is constantly regenerated into DnaA^ATP^ resulting in the vast majority of DnaA being ATP bound ([@B14]). Loss of Hda may have a less severe effect on the DnaA^ATP^/DnaA^ADP^ ratio as the DDAH pathway to convert DnaA^ATP^ to DnaA^ADP^ is still functional ([@B9]).

Replication forks collapse in Hda-deficient cells during aerobic growth {#SEC3-5}
-----------------------------------------------------------------------

This increased *ori*/*ter* ratio in Hda-deficient cells in the presence of oxygen could result from either an increase in initiation frequency or a reduced ability of forks already started to reach the terminus or both. In order to discriminate between these scenarios we transformed the F-derived plasmid pALO277 ([@B28]); simply referred to as F into wild-type and *hda* cells. The F plasmid replication is controlled by the plasmid encoded RepE protein and is not limited by DnaA availability or activity ([@B29]). The F plasmid copy number per mass was found to stay constant over a wide range of growth rates ([@B30]) or decrease slightly at fast growth ([@B31]). We determined the number of origins and termini relative to plasmid F by qPCR analysis during a shift from anaerobic to aerobic growth. For wild-type cells, both *ori*/F and *ter*/F ratios increased slightly (Figure [3C](#F3){ref-type="fig"}) and this explains why only a modest increase in *ori*/*ter* ratio was observed for these cells (Figure [3A](#F3){ref-type="fig"}). In Hda-deficient cells the *ori*/F increased about 2-fold one hour following the shift and remained at that level. On the other hand, the *ter*/F ratio decreased 3- to 4-fold following the shift (Figure [3B](#F3){ref-type="fig"}). Together, this explains the dramatic increase in *ori*/*ter* ratio increase after the shift (Figure [3A](#F3){ref-type="fig"}). Because *ter* is more affected than *ori* these data show that the dramatic increase in *ori*/*ter* ratio displayed by *hda* cells during aerobic growth largely results from an inability of replication forks to reach the terminus and only to a lesser degree from more initiations from *oriC*.

Morphology of Hda-deficient cells {#SEC3-6}
---------------------------------

To visualize the distribution of origins and termini by microscopy we labelled each locus *in vivo* as described previously ([@B32]). We inserted the P1 *parS* sequence close to the origin of replication and the pMT *parS* sequence close to the terminus ([@B32]). Co-expression of mCherry-labelled pMT-ParB and GFP-labelled P1-ParB ([@B33]) from a construct inserted at the attTN7 chromosomal locus allowed us to visualize origins as GFP foci and termini as mCherry foci in the same cells.

Anaerobically grown wild-type cells mainly had two or four origin foci and usually only one terminus focus (Figure [4A](#F4){ref-type="fig"}; Supplementary Table S3). We only observed a second terminus focus in cells about to divide. On average, cells contained 3.0 origin foci and had an *ori*/*ter* foci ratio of 2.5. However, one should bear in mind that foci numbers underestimate the actual numbers of both origins and termini due to the limited resolution of light microscopy. When shifted to aerobic growth, wild-type cells became larger with an increased number of cellular origin foci (3.9) and an *ori*/*ter* foci ratio of 2.8.

![Localization of *ori* and *ter* in *hda* mutant cells. Wild-type (A) and *hda* mutant (B) cells were grown anaerobically and shifted to aerobic growth. At the times indicated, cells were spotted on an AB medium agarose pad. Scale bar is 2 μm.](gku1149fig4){#F4}

An *hda* mutant grown anaerobically had on average 3.7 origin foci per cells (Figure [4B](#F4){ref-type="fig"}; Supplementary Table S3) and an *ori*/*ter* foci ratio of 2.4. The cells were bigger than wild-type in agreement with data from flow cytometry. When shifted to aerobic growth, cells gradually increased in size and became heterogeneous (Figure [4B](#F4){ref-type="fig"} and Supplementary Figure S4) indicating that cell division was perturbed. Small DNA-less cells also started appearing (Supplementary Figures S4 and S5, asterisks). The cellular location of the chromosome was also affected as some cells contained large areas devoid of DNA at the tips of the cells while the nucleoid covered the central part of the cell only (Supplementary Figure S5, arrows). The average number of origin foci increased from 3.7--8.3 but there appeared to be proportionality between cell size and number of foci. This was not the case for *ter* foci where cells mainly contained one or two foci in the middle of the cells resulting in an average of 1.5 at anaerobic growth. The number of foci did not change when shifted to aerobic growth despite of the increase in cell size (Supplementary Table S3). Hence, there was poor correlation between cell size and number of *ter* foci, which is exemplified by large cells containing one *ter* focus only, and very long filaments possessing more than 20 origins and only one or two visible termini stuck in the middle of the cell (Supplementary Figure S4). Therefore, replication initiation from *oriC* seems little affected by the shift and initiation frequency remains coupled to mass growth. However, an increase in number of origins is not accompanied by an increase in termini. This supports the conclusion derived from the qPCR analysis (Figure [3](#F3){ref-type="fig"}) that not all forks reach the terminus. To determine whether replication forks collapses in Hda-deficient cells, resulting in formation of DSB, we analysed genomic DNA of Δ*hda* cells during shift to aerobic conditions by pulsed field gel electrophoresis (PFGE). As a control, we included DNA from wild-type cells treated with ciprofloxacin, a fluoroquinolone drug that trap a covalent type II topoisomerase-DNA complex, leading to DSB ([@B34]). As expected, treatment with ciprofloxacin resulted in a time-dependent appearance of low molecular weight DNA species characteristic of DSB (Figure [5A](#F5){ref-type="fig"}). Low molecular weight DNA also appeared in a time-dependent manner in Δ*hda* cells upon a shift to aerobic growth (Figure [5B](#F5){ref-type="fig"}), demonstrating the presence of DSB in these cells.

![DSBs in the chromosomal DNA of *hda* mutant cells during aerobic growth. DSB are visualized by PGFE. (**A**) Wild-type cells treated with ciprofloxacin. At time *T* = 0 ciprofloxacin was added to a final concentration of 2 μg/ml. (**B**) A culture of *hda* mutant cells was grown under anaerobic conditions. At time *T* = 0 the culture was shifted to aerobic growth. (**C**) The frequencies of *ori*, *middle* and *ter* regions were determined by qPCR from aerobically grown wild-type cells, wild-type cells treated for 30 min with 2 μg/ml ciprofloxacin and from *hda* cells 2 h following a shift from anaerobic to aerobic conditions.](gku1149fig5){#F5}

A qPCR analysis of three chromosomal loci, *ori*, middle (*stpA*) and *ter* demonstrated that more breaks occurred between *ori* and *stpA* than between *stpA* and *ter* for both ciprofloxacin-treated wild-type cells and aerobic *hda* cells (Figure [5C](#F5){ref-type="fig"})

Oxidative damage underlies the aerobic inviability of Hda-deficient cells {#SEC3-7}
-------------------------------------------------------------------------

When growing aerobically, *E. coli* uses oxygen as the terminal electron acceptor. However, ROS come as a byproduct from the metabolism of molecular oxygen and can generate lesions in the DNA. To test whether the aerobic growth defect of *hda* mutant cells resulted from an inability to cope with the oxidizing environment, we decided to delete *hda* in the presence of the ROS scavenger reduced glutathione (GSH). Δ*hda* cells isolated under anaerobic conditions were re-streaked on plates with or without glutathione in the presence of oxygen. The addition of GSH resulted in improved growth and homogeneous colonies of Hda-deficient cells (Figure [6A](#F6){ref-type="fig"}), indicating that ROS-mediated oxidation is indeed the cause of the growth defect of *hda* cells during aerobic growth.

![The aerobic growth defect of *hda* mutant cells is suppressed by addition of GSH or by deletion of *mutM*. (**A**) The *hda*::*cat* allele was introduced into wt, *mutM and hsm*-2 cells by phage P1 transduction under anaerobic conditions. Transductants were restreaked on LB plates supplemented with 0.2% glucose and chloramphenicol aerobically or anaerobically. When indicated, reduced glutathione (GSH) was added to the plates to a final concentration of 10 mM. (**B**) *mutM* and *mutM hda* cells were grown under aerobic conditions. Cells were treated with rifampicin and cephalexin prior to flow cytometric analysis. Insert displays the overlaid histograms of three independent *mutM hda* clones. (**C**) The frequencies of *ori*, *middle* and *ter* regions were determined by qPCR from aerobically grown wild-type, *hda mutM* and *hda mutM mutY* cells as well as *hda* cells 2 h following a shift from anaerobic to aerobic conditions. NA, not available. (**D**) Wild-type, *mutM*, *mutY*, *hda mutM* and *hda mutM mutY* cells were grown aerobically in AB minimal medium supplemented with 0,2% glucose and 1% casamino acids. Samples were taken and processed for PFGE as described (Materials and Methods). The *hda* single mutant was grown anaerobically in the same medium and the sample for PFGE was taken 2 h following a shift to aerobic conditions.](gku1149fig6){#F6}

We could not determine any difference in ROS levels by measuring hydroxyl radical formation between wild-type and *hda* cells using two different reporters ([@B23],[@B35]), and therefore conclude that excess replication from *oriC* does not result in an increased cellular ROS level and presumably not an increased frequency of ROS-inflicted DNA damage. Therefore, it is unrepaired damage by ROS that cause inviability of hyperreplicating cells as we show below.

Double-strand DNA breaks in Hda-deficient cells result from repair of oxidized bases {#SEC3-8}
------------------------------------------------------------------------------------

DNA damage resulting from ROS includes a number of base modifications, most notably 8-oxoG. When present in DNA, 8-oxoG is primarily excised by the Fpg glycosylase (*mutM* gene product) of the GO system ([@B19]). Cells deficient in both Hda and Fpg formed small but homogeneous colonies under aerobic conditions demonstrating that loss of Fpg suppressed the growth defect of *Δhda* cells (Figure [6A](#F6){ref-type="fig"}). We subjected several Δ*hda* Δ*mutM* clones to a flow cytometric analysis. These cells grew slower than wild-type (52 min versus 33 min). They all had similar profiles after treatment with rifampicin and cephalexin with an increased number of cellular origins and poor run-out profile compared to wild-type cell (Figure [6B](#F6){ref-type="fig"}; Supplementary Table S4), resembling the profile obtained for Hda-deficient cells grown aerobically (Figure [2](#F2){ref-type="fig"}). Loss of MutM is therefore not likely to suppress Hda deficiency by reducing initiations from *oriC* and in agreement with this we found *mutM* cells to have a similar origin concentration (origins/mass) as wild-type cells (Supplementary Table S4).A qPCR analysis of the *ori*, middle (*stpA*) and *ter* loci indicated that the *ori*/*ter* ratio of Δ*hda* Δ*mutM* was significantly lowered (∼6) compared to that of aerobically growing Δ*hda* cells (\>20; Figure [6C](#F6){ref-type="fig"}). Therefore, loss of Fpg must allow more replication forks to proceed to the terminus. A further deletion of *mutY* (Δ*hda* Δ*mutM* Δ*mutY*) did not lower the *ori*/*ter* ratio further (Figure [6C](#F6){ref-type="fig"}), demonstrating that the residual DSBs in Δ*hda* Δ*mutM* cells are not caused by the action of MutY. A knockout of *mutY* of the GO system was not found to suppress Δ*hda* cells (Supplementary Figure S6). This is in agreement with the MutY glycosylase playing a secondary role to Fpg in the repair of 8-oxoG lesions ([@B18]).

Some DSB persist in the absence of MutM in Hda-deficient cells {#SEC3-9}
--------------------------------------------------------------

Genomic DNA from wild-type, *hda*, Δ*mutM*, Δ*mutY* and Δ*hda* Δ*mutM* and Δ*hda* Δ*mutM* Δ*mutY* cells was subjected to pulse field gel electrophoresis. This revealed the presence of DNA breaks in *Δhda*, Δ*hda* Δ*mutM* and Δ*hda* Δ*mutM* Δ*mutY* mutant cells (Figure [6D](#F6){ref-type="fig"}). Although hard to quantify, the amount of DSB in Δ*hda* single mutant cells seemed somewhat higher than for double or triple mutant cells (Figure [6D](#F6){ref-type="fig"}). This is in agreement with the observations that deletion of *mutM* or *mutM* and *mut*Y only partly restores the *ori*/*ter* ratio of Hda-deficient cells in comparison to anaerobic grown cells (Figure [6C](#F6){ref-type="fig"}). The persistence of DSB in Δ*hda* Δ*mutM* cells is also consistent with the flow cytometry analysis (Figure [6B](#F6){ref-type="fig"}), and is expected because ROS-dependent DNA damage is not limited to lesions repaired by Fpg ([@B17]). However, loss of Fpg may reduce the amount of DSB to a level which allows survival despite of overinitiation from *oriC*.

DISCUSSION {#SEC4}
==========

In *E. coli* severe overinitiation is observed when the activity of the DnaA protein is increased. This results in replication stress and cell death. Such an increase in DnaA activity can result from mutations in *dnaA* itself ([@B13],[@B36]), from mutations in Hda which is instrumental for RIDA-dependent conversion of DnaA^ATP^ to DnaA^ADP^ ([@B8]) or from increasing the dosage of the DARS sequences that promote rejuvenation of DnaA^ADP^ to DnaA^ATP^ ([@B14]). Inviability caused by hyperinitiation is known to be associated with a reduced rate of replication and DSB ([@B13],[@B22],[@B37]). It has been proposed that stalled forks are being caught by other forks 'coming from behind' and the collision results in DSB ([@B13]).

Here, we present the first mechanistic evidence as to how hyperinitiation results in formation of DSB. Our results indicate that DNA breaks are caused by replication forks encountering lesions generated by enzymes removing oxidized bases from the DNA duplex. These lesions are normally repaired in timely fashion but when the interval between replication forks is diminished, the probability of a fork meeting a lesion is increased.

Hyperinitiation is tolerated during anaerobic growth {#SEC4-1}
----------------------------------------------------

Loss of the Hda protein results in inviability or severe growth inhibition ([@B8],[@B10],[@B11]), and consequently suppressor mutations arise with high frequency. *In vivo* studies of replication initiation in the absence of Hda have therefore previously been carried out using a temperature-sensitive allele of *hda* ([@B27]) or in cells that contain additional compensatory mutations ([@B10],[@B11]). In other cases it is not clear whether suppressor mutations were present or not ([@B38]). Deletion of *hda* was tolerated in the absence of oxygen as whole-genome sequencing revealed that suppressor mutations were not present. Similarly, the *dnaAcos* mutation or increased copies of DARS2 was tolerated during anaerobic growth.

We found no evidences for timing of initiation being different in the presence or absence of oxygen in wild-type cells. The levels of DnaA was similar, suggesting that the overall level of ATP bound DnaA may also be quite similar between these growth conditions. This agrees well with observations that neither the cellular ATP level nor the ATP/ADP ratio is decreased during anaerobic relative to aerobic growth ([@B39],[@B40]) but poorly with an older study showing a reduced ATP level and ATP/ADP ratio under anaerobic growth ([@B41]). Anaerobic condition is therefore not likely to restore viability of hyperinitiating cells by lowering the frequency at which DNA replication starts to a tolerable level.

Chromosome breakage during aerobic growth {#SEC4-2}
-----------------------------------------

Inviability associated with replication stress was only observed during aerobic growth, and coincided with a dramatic increase in *ori*/*ter* ratio. The increase primarily resulted from a decrease in terminus concentration, whereas *oriC* was less affected. Therefore, replication forks started at *oriC* frequently collapse before reaching the terminus and this explains the appearance of double-strand DNA breaks in these cells. We propose that these DNA breaks are the reason for inviability associated with hyperinitiation.

Aerobic growth of *hda* mutants could be restored by addition of the ROS scavenger GSH, indicating that a significant fraction of the strand breaks observed resulted from replication forks encountering oxidative lesions in the DNA. A deletion of *mutM* also suppressed loss of Hda under aerobic conditions indicating that the action of the Fpg glycosylase is instrumental in DSB formation.ROS is formed as a result of aerobic respiration, and oxidative damage to DNA is quite frequent and the steady-state frequency of 8-oxoG was estimated to be 2.5 lesions per 10^5^ dG residues during exponential growth ([@B42]) corresponding to one lesion per 160 kb of genomic DNA; about 100-fold higher than observed for eukaryotic cells ([@B43]). A separate study reports a somewhat lower density of lesions, in this case less than 1 per 170 kb of DNA ([@B44]). Given that 8-oxoG lesions are efficiently repaired by the GO system ([@B19]), these steady-state levels suggest that the lesions form frequently in the bacterial DNA. The Fpg glycosylase (MutM) excises a number of oxidized bases from DNA but its primary activity is against 8-oxoG, the most common lesion derived from ROS. The Fpg enzyme possesses both a DNA glycosylase activity, that excises oxidized base lesions, and an intrinsic lyase activity, cleaving the DNA (βδ elimination) at the AP site to produce both 5′ and 3′ ends containing phosphomonoesther nucleotides ([@B45]). As this strand break cannot be immediately processed by PolI it may persist for some time. If encountered by a replication fork while undergoing repair, the result will be a DSB. In *E. coli* a single DSB is pontentally lethal ([@B46]).

Because we did not observe any increase in ROS levels between wild-type and *hda* mutant cells we consider the frequency of oxidative lesions the same. We suggest that an increased initiation frequency results in more ongoing replication forks, which raises the likelyhood of forks encountering Fpg repair intermediaries leading to DSB formation. The generation of DSB by replication forks encountering base-excision nicks have been described previously ([@B47]). All replication forks originate at *oriC*, and will collapse at the first lesion encountered irrespective of this being generated by repair of 8-oxoG, ultraviolet irradiation or a genotoxic agent, such as ciprofloxacin. If multiple lesions of either type are present and evenly distributed along the chromosome, the net result will be that replication forks predominantly collapse in *oriC* proximal regions, such as observed here and previously ([@B13],[@B37],[@B47],[@B48]). Although we assume an unchanged level of oxidative damage between wild-type and Hda-deficient cells, we cannot rule out that hyperinitiation indirectly (altered gene regulation, suppression of repair processes or altered energy metabolism), may result in an increased frequency of oxidative damage in general or primarily in newly replicated DNA, i.e. near *oriC*, and that this contributes to an increased ori/ter ratio and inviability. The generation of DSBs by overinitiation also explains why cells that only overinitiate replication slightly become dependent on homologous recombination for survival ([@B49]). Certain *hda* mutants are viable despite the presence of a functional RIDA system. It was suggested that Hda also plays a role in stabilizing PolIII at the replication fork and controlling access of the trans-lesion polymerases PolII and Pol IV to the β-clamp ([@B25]). It is tempting to speculate that these Hda mutant proteins may assist trans-lesion polymerases in replicating across oxidative lesions in the DNA. In the absence of Fpg, the MutY glycosylase will excise the A that is normally incorporated opposite of 8-oxoG. MutY is a monofunctional glycosylase ([@B50]) whose action results in an AP site that is processed directly by AP endonucleases Nfo and XthA encoding Exonuclease III and endonuclease IV, respectively ([@B51]), and finally Polymerase I (PolI) and DNA ligase. We speculate that in the MutY repair process the nicked DNA strand persists shorter than one promoted by Fpg and that this could explain why loss of MutY did not suppress Hda deficiency during aerobic growth. We also observed DSB in cells deficient in both Hda and Fpg, albeit at a lower level. There could be several reasons for this. First, oxidative damage results in a large number of lesions to the DNA and only a subset of these are subject to Fpg repair. Repair of other oxidized bases may therefore contribute to the DSB observed. It has also been reported that the bifunctional DNA glycosylases nth (endonuclease III), nei (endonuclease VIII) or KsgA may process some of the 8-oxoG lesions in the absence of Fpg ([@B52],[@B53]) and DSB could be generated in the repair process. Finally, a replication fork encountering an 8-oxoG may stall or pause for a while, which could result in collision from behind by another replication fork ([@B13]).

Interestingly, repair of 8-oxoG lesions by the GO system has also been implicated in sensitizing bacteria to fluoroquinolone-induced replication stress. Strains deficient in both MutM and MutY survive norfloxacin exposure better than wild-type cells ([@B54]). This suggests an additive effect of 8-oxoG repair to the DSB-induced death by fluoroquinolone exposure. Fluoroquinolone resistant clinical isolates of *E. coli* frequently carry mutations in *mutM* ([@B55]).

Heterogeneity of Hda-deficient cells {#SEC4-3}
------------------------------------

Hda mutant cells became heterogeneous following a shift to aerobic growth, with both filament and minicell formation. Because DNA replication stopped or stalled before reaching the terminus, cell division was likely to be blocked, whereas cell mass continued to increase. In *E. coli* there are no mechanisms (checkpoints) that block replication initiation due to fork stalling and/or DNA damage. Therefore, new rounds of replication takes place concurrent with the increase in cell mass, and the result is large, near-polyploid cells with a centrally located nucleoid containing multiple copies of *oriC* and only one or two copies of the terminus (Figure [4](#F6){ref-type="fig"}). Cell filamentation was independent of SOS induction as we saw no significant increase in *sulA* expression (not shown). This is in agreement with earlier data demonstrating that cells overinitiating DNA replication due to the cold sensitive mutations *hdaCs* or *dnaAcos* fails to divide in an SOS-independent manner when grown at non-permissive temperature ([@B27],[@B56]). Midcell trapping of the nucleoid inactivates the cell division protein FtsZ, independently of SOS induction or SlmA ([@B57]) and results in frequent division near the termini of filaments, i.e. minicell formation (Figure [4](#F6){ref-type="fig"}, Supplementary Figures S4 and S5).

Multiple ways to counteract lethal overinitiation in bacteria {#SEC4-4}
-------------------------------------------------------------

Suppressor mutations that counteract lethal overinitiation in bacteria have previously been isolated in many laboratories and fallen into two groups. The first group of suppressors affects the DnaA initiator protein itself and includes mutations in *dnaA* to lower the activity of the resultant DnaA protein ([@B11],[@B26]) or as recently discovered for *C. crescentus* second site mutations that lower the amount of DnaA protein by accelerating its degradation ([@B58]). The second group of suppressors affects the *oriC* region and includes mutations in *oriC* itself that lowers its ability to initiate replication ([@B59]) and mutations affecting the dam/seqA system to increase sequestration of *oriC* and thereby restricting initiations ([@B11],[@B60]). Common to overinitiation suppressors affecting *oriC* or DnaA is that they reduce initiation frequency from *oriC*, thereby fully or partly restoring origin concentration and origin/terminus ratio of the suppressed cells to near wild-type levels.

Here, we demonstrate a third way *E. coli* can cope with replication stress resulting from hyperinitiation. Lethality is normally caused from an elevated number of replication forks encountering intermediates in the repair of oxidized bases, primarily 8-oxoG and thereby causing DSB. Removing the cause of oxidative damage, i.e. anaerobic growth or addition of an antioxidant (GSH), or loss of *mutM* encoding Fpg, the main player in repair of oxidative lesions, restores viability of hyperinitiating cells without reducing initiations from *oriC*. This also implies that DNA replication is not normally limited by the availability of precursors or precursor synthesis.

SUPPLEMENTARY DATA {#SEC5}
==================

[Supplementary Data](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku1149/-/DC1) are available at NAR Online.
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